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f o r  the 
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AERODYNAMIC CHARACTERISTICS OF A 1/4-SCAI;E MODEL OF 

THE DUCT SYSTEM FOR THE GENERAL EJJICTRIC P-1 

NUCLEAR POWERPm FOR AIRCRAFT 

By Charles C .  Wood and John R. Henry 

SUMMARY 

A l/k-scale model of the  General Electr ic  P-1 nuclear powerplant 
w a s  investigated t o  determine the in ternal  aerodynamic characterist ics.  
More specif ical ly,  the  primary purposes of the  investigation w e r e  t o  
measure the  mass-flow dis t r ibut ion of a i r  i n  the  simulated reactor,  t o  
measure the total-pressure losses f o r  the  duct components and f o r  the  
complete model, and t o  determine model modifications necessary t o  pro- 
duce the desired performance characterist ics.  Secondary objectives were 
t o  determine the  effects  of flow asynmetry (simulation of less  than four 
engines i n  operation) on the aerodynamic performance, t o  determine the  
total-pressure prof i les  a t  the  entrance t o  the simulated reactor,  and t o  
determine whether the path of a specif ic  segment of air flow could be 
traced from the simulated reactor t o  a specif ic  turbine i n l e t  pipe. 

The original  mass-flow dis t r ibut ion i n  the simulated reactor w a s  
not acceptable; minor a l tera t ions  t o  the guide vanes produced an accepta- 
b l e  distr ibution.  The or iginal  performance of the  i n l e t  diffuser  w a s  not 
acceptable and w a s  corrected by modifying the  i n l e t  header plate.  
i n l e t  and exi t  collector  rings both affected the aerodynamics of the 
f l o w  through adjacent duct components t o  a high degree. 
of t o t a l  pressure f o r  the f i n a l  model configuration w a s  equivalent t o  
6.66 times the dynamic pressure i n  the compressor discharge pipes, which 
corresponded t o  the i n l e t  of the  l/k-scale model. 

The 

The overal l  loss 

INTRODUCTION 

A t  the  request of the Atomic Energy Commission, an investigation 
w a s  conducted i n  the Langley Internal  Flow Section t o  determine the . 



aerodynamics of the in te rna l  f l o w  f o r  a I/&-scale model of the  duct system 
f o r  the  General Elect r ic  P-1 nucleas powerplant f o r  a i r c r a f t .  
description of the  powerplant and specifications are given i n  reference 1. 
The configuration consisted of four turbojet  engines i n  p w a l l e l  with pro- 
visions f o r  heating i n  the  conventihnalrnanner by chemical combustion or  
fo r  heating by bypassing the four compressed airstreams through a single 
atomic reactor t o  the  four turbine in le t s .  
presented i n  reference 2 which determines t h e  proper model scale a;nd flow 
simulation f o r  the  investigation reported n. An estimte of the pres- 
sure losses of an early version of the duc t a n  is presented i n  refer-  
ence 3.  The NACA investigation w a s  based on the  performance requirements 
f o r  the  FTB (Flying Test Bed) version of the powerplant. Reference 4 pre- 
sents a summary of par t  of the  NACA investigation and i s  based on material 
transmitted by the  NACA t o  the General Electr ic  Company by means of infor- 
mal progress reports .  

" 

A general 

A preliminary analysis i s  

The primary objectives of the  investigation were t o  determine the  
effects  of various duct components on the  mass-flow dis t r ibut ion i n  the 
simulated reactor,  t o  nodify the model components t o  obtain acceptable 
reactor mass-flow distr ibutions,  t o  measure the  total-pressure loss char- 
ac te r i s t i cs  f o r  the  component par t s  of the  model as well as fo r  the  com- 
p le te  model, and t o  determine means of reducing the total-pressure losses 
of components which produced losses too high t o  be acceptable. Secondary 
objectives were t o  determine the  effects  of asymmetry (simulation of less 
than four engines i n  operation) on the loss of t o t a l  pressure fo r  the  
complete model and on the dis t r ibut ion of air flow i n  the  simulated reac- 
t o r ,  t o  determine the  total-pressure prof i les  j u s t  downstream from the  
entrance t o  the simulated reactor,  and t o  determine if  the paths of spe- 
c i f i c  segments of air flow could be traced from the  simulated reactor t o  
a specif ic  turbine i n l e t  pipe. 

J 

The objective of obtaining uniform mass-flow dis t r ibut ion i n  the 
reactor w a s  considered t o  be most important s ince  nonuniform distr ibu-  
t ions would cause loca l  regions of excessive temperature and possible 
destruction of the  reactor.  The total-pressure losses of the  model had 
t o  be kept within reasonable l i m i t s  t o  avoid excessive losses i n  thrus t .  
The total-pressure o r  velocity distr ibutions at the  entrance of the  simu- 
lated reactor w e r e  required t o  estimate the reactor  heat t ransfer  and 
performance. The ai r- f low traces were required t o  determine whether 
samples of concentration of f issionable products i n  the  turtline i n l e t  
pipes could be used t o  detect and locate a s t ruc tura l  f a i l u r e  i n  the  
reactor.  

N e a r  the  completion of the  experimental phase of the  investigation 
reported herein, a decision was  made which affected the  remainder of the  
l/b-scale model tests. 
t ion  from reference 5 :  

The decision is  described i n  the following quota- 'S 
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"During the  quarter ended June 30, 1953, the General 
Electr ic  ANP Project experienced a change i n  immediate objec- 
t i v e  as a consequence of governmental consideration of pro- 
grams and budgets. 
general direct ion of the program be aimed at  development of 
components f o r  a power plant  of d i rec t  mi l i tary  u t i l i t y  rather 
than at  the  early acquisition of experience with reactors and 
systems of a i r c r a f t  type but  b u i l t  primarily f o r  f l i g h t  
demonstration. 

The government has now asked t h a t  the 

It 

The immediate ef fect  of the  change i n  general direct ion on the subject 
program was  t o  c u r t a i l  the  air-flow t racer  tests, which were the last 
i t e m  on the  t e s t  program and incampleted at  t h a t  time. 
decided tha t  no e f for t  would be made t o  analyze the data i n  more d e t a i l  
than the analyses contained i n  the periodic informal progress reports 
transmitted t o  the  General Electr ic  Company. Consequently, the  material 
contained herein represents a rearrangement and summary of the informal 
progress reports and w a s  prepared t o  establish a permanent record of the  
data f o r  use where applicable t o  future powerplant o r  duct designs. 

It w a s  a lso  

Design Mach number a t  the entrance t o  the  simulated reactor was  
0.135; however, t e s t s  were conducted f o r  the  Mach number range from 
approximately 0.085 t o  0.16. The t e s t  Reynolds number based on the 
hydraulic diameter a t  the  i n l e t  s t a t ion  of the  i n l e t  annulus w a s  240,000 
a t  design Mach number; t h i s  value w a s  15.8 percent of the ful l- scale  
Reynolds number . 

CL 

M 

v 
I 

A 

t o t a l  pressure 

s t a t i c  pressure 

density 

compressible dynamic pressure i n  individual reactor passages 
upstream of o r i f i ce  p la te  

coefficient  of viscosi ty 

Mach number 

velocity 

duct area 
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L 

r 

- 
H 

length along the  center l i n e  of air passage 

radius of duct elements, inches 

rrY PVH d(r2) 

mas s-weight ed rX J 

t o t a l  pressure, 

rX 
J 

*X 
J 

4 X Cross-sectional area of duct 
Perimeter of duct 

D hydraulic diameter, 

R Reynolds number , p D / p  

Subscripts : 

X reference t o  inner w a l l  

Y reference t o  outer w a l l  

V indication tha t  a specif ic  term i s  based on venturi measurements 
(see discussion i n  " Bas is  of Camparison") 

i i n l e t  of a par t icular  duct element 

e ex i t  of a par t icular  duct element 

s ta t ions  f o r  instrumentation (see f i g .  1) 
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APPARATUS AM3 METHODS 

TEST SETUPS 

A drawing of the complete l/b-scale model, which simulated the  sec- 
t ion  of the powerplant located between the  compressor discharge and the  
turbine i n l e t ,  i s  shown i n  f igure  1. The various components comprising 
t h i s  duct system are  the  compressor discharge pipes, i n l e t  collector  
ring, i n l e t  annulus, i n l e t  header, simulated reactor,  guide vanes, simu- 
la ted control rods, ex i t  header, ex i t  annulus, ex i t  collector  ring, and 
the  turbine i n l e t  piping. Other camponents shown i n  t h i s  drawing which 
were necessary fo r  test purposes but which were not a par t  of the  actual  
model w e  the  large cylindrical  plenum chamber which supplied air t o  the 
compressor discharge pipes, and the control valves and venturi meters 
used f o r  regulating and measuring the  flow, respectively, i n  both the  
compressor discharge and turbine i n l e t  pipes. 
blower discharged in to  the  plenum, entered t he  compressor discharge pipes 
through bellmouth-shaped venturi meters, flowed through the  duct system, 
and w a s  discharged t o  atmosphere downstream of the  valves i n  the  turbine 
i n l e t  pipes. 
f igurat ion 4 since t e s t s  of other configurations were necessary pr ior  t o  
the  t es t ing  of t h i s  complete configuration. 

A i r  from a laboratory 

This model configuration w i l l  be referred t o  as test  con- 

Drawings of other t e s t  configurations a re  shown i n  figures 2, 3 ,  
and 4. Configuration 1 (f ig .  2 )  w a s  tested f o r  purposes of cal ibrat ing 
the  simulated-reactor assembly and consisted of cylindrical  and conical 
ducting which connected the model t o  the  blower, the  simulated reactor 
including the o r i f i ce  plate,  conical and cylindrical  ducting connected 
t o  the  ex i t  of the  simulated reactor,  and a venturi meter. Each annulus 
of the  simulated reactor w a s  calibrated separately by sealing the i n l e t s  
of a l l  other annuli with tape supported by wooden backing rings. 
s izes  of venturi meters were necessary t o  cover the  required 'air-flow 
ranges. 

Several 

Test configuration 2 ( f i g .  3 )  included the  simulated reactor and 
downstream ducting of configuration 1 i n  addition t o  the i n l e t  annulus 
f i t t e d  with an adapter cone and col lar  and upstream cylindrical  ducting. 
The purpose of the  tests of configuration 2 w a s  t o  determine the  per- 
formance of the i n l e t  annulus and header and the  effect  of the  i n l e t  
annulus and header on the  simulated-reactor performance under conditions 
of idea l  flow a t  the  i n l e t  t o  the  annulus. 

Test configuration 3 ( f ig .  4 )  consisted of test configuration 2 with 
the  idea l  i n l e t  replaced by the i n l e t  collector  r ing and the  same upstream 
ducting as configuration 4 ( f ig .  1). 
fore, complete model simulation up t o  and including the reactor,  and 

Configuration 3 represents, there- 
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permitted the  evaluation of the effect  of the  i n l e t  collector  ring on 
the  performance of the  duct assably consisting of the  simulated reactor,  
i n l e t  header, and i n l e t  annulus. 

d. 

MAJOR MODEL CQMpOlKE%"S 

Simulated Reactor 

The simulated reactor (shown i n  f i g .  5 )  consisted of 10 aluminum 
concentric cylinders which formed nine annular passages, a c i rcular  
p la te  which contained many bellmouth c i rcular  o r i f i ces  and which will 
be referred t o  hereafter as the  mult iorif ice plate,  a rea r  s t r u t  intended 
f o r  support purposes i n  the  actual  powerplant, and 16 short  concentric 
cylinders fastened t o  the  longer cylinders i n  the  manner shown i n  f ig-  
ure 5 .  The sol id  centra l  cylinder, which formed the  inner w a l l  of pas- 
sage 1, w a s  longer than the  other nine cylinders f o r  purposes of struc-  
t u r a l  support. 
t o  permit the o r i f i ce  p la te  t o  be ins ta l l ed  as shown; consequently, a i r  
entering the nine passages from an upstream duct flowed through the pas- 
sages, through the  o r i f i ce  holes located i n  the o r i f i ce  plate,  through 
the nine passages downstream of the  o r i f i ce  plate,  and in to  same down- 
stream duct. 
inches. The areas of passages 1 and 2 were 3.25 and 9.14 percent, respec- 
t ively ,  of the  t o t a l  area; the  areas of the  remaining passages varied from 
11 t o  14.19 percent of the  t o t a l  area. 
t o  the  reactor w a s  0.133. Since the a i r  w a s  t o  be heated i n  the actual  
reactor,  the  design exi t  Mach number w a s  0.22. 
o r i f i c e  holes i n  the  o r i f i ce  p la te  i n  each annulus was  fixed, according 
t o  an approximate design procedure, t o  produce at  the  design i n l e t  Mach 
number of 0.135 a total-pressure loss of 9.3q, where q i s  the i n l e t  
dynamic pressure i n  the simulated reactor passages. 
t i on  tests, it was  found necessary t o  add i n  se r ies  with the  c i rcular  
o r i f i ces  the annular o r i f i ces  formed by the 16 short concentric cylinders 
i n  order t o  obtain approximately equal total-pressure losses across a l l  
annuli. .Detailed drawings of the rear  s t ru t ,  the  support member of the  
reactor,  are shown i n  f igure  6(a).  Drawings of the  rear- strut  modifica- 
tion, which was  intended t o  simulate insulation and was  not derived from 
aerodynamic considerations, are shown i n  f igure 6(b). 
percent blockage (reduction i n  area) of each annular passage of the  reac- 
t o r  produced by both the  or ig inal  and modified rear struts are included. 

Each of the  nine large cylinders was  made i n  two par ts  

L 

The t o t a l  area of the  nine annular passages was  101.56 square 

The design mean i n l e t  Mach number 

The t o t a l  area of the  

During the  calibra-  

Data showing t' - 

In le t  Annulus and Header 

A drawing of the  i n l e t  annulus together with a tab le  of dimensions 
i s  shown i n  f igure 7. The annular passage had pract ica l ly  a constant 
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- area from the  entrance or upstream end of the  annulus through the  90° turn, 
which i s  located near the  annulus ex i t  and which d i rec t s  the air  flow 
rad ia l ly  towards the model center l ine .  Downstream of the  90° bend i n  
the  region adjacent t o  the  header plate,  the  area increased rapidly at a 
r a t e  equivalent t o  t ha t  of a conical diffuser  with a 28O cone angle. The 
downstream end of the  i n l e t  annulus, referred t o  herein as the  header 
p la te ,  w a s  redesigned so  t ha t  the r a t e  of area increase w a s  reduced t o  
t h a t  of an equivalent 12O conical diffuser;  a t ab le  of dimensions f o r  the  
redesigned header p la te  is also shown i n  f igure 7. 

Exit Annulus and Header 

A drawing of the ex i t  annulus and a t ab le  of dimensions i s  shown i n  
This duct element was  similar t o  the i n l e t  annulus i n  tha t  it figure 8. 

consisted of a section of constant area followed by one with rapidly 
increasing area. 
header p la te  ( s ta t ion  6 )  a t  the entrance t o  the exit annulus, continued 
through the  large angle turn which directed the a i r  flow towards but at 
an angle t o  the center l ine,  and continued downstream through the other 
minor turns t o  the section approximately pa ra l l e l  t o  the  center l i ne  
which begins 5.9 inches from the downstream end. The rate of area expan- 
sion of t h i s  5.9-inch section was equivalent t o  tha t  of a 2 8 O  conical 
d i f fuser .  No a l tera t ions  t o  t h i s  duct element were made. 

The constant area section began i n  the region of the  

In l e t  Collector Ring 

Drawings of the i n l e t  collector  r ing together with a l l  important 
This duct collected the  flows dis-  dimensions a re  shown i n  f igure 9. 

charged from the  four 42-inch-diameter 1 compressor discharge pipes and 

varied i n  diameter as shown i n  f igure  9. The compressor pipes, which 
were i n  the  same ve r t i ca l  plane, a l l  connected t o  the same side of the  
collector ,  two above and two below a horizontal plane through the center 
of the  collector  ring. Flow from the  two center pipes w a s  directed 
almost radially towards the collector- ring center, whereas flow from the  
t w o  outer pipes w a s  directed almost tangential  t o  the collector  r ing.  
Short diffusers connected the compressor pipes t o  the collector- ring 
passage. 

i n  diameter from 42 t o  approximately 3 
the  collector  r ing had an annular opening which matched the  upstream end 
of the inlet. annulus t o  which the collector  discharged. 
t o  the i n l e t  collector  r ing were made. 

The diffusers were approximately 6 inches long and increased 

The downstream end of 1 1 inches. ii: 
No modifications 
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Exit Collector Ring 
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c 

Drawings of the  ex i t  collector  r ing and important dimensions are  
The exit and i n l e t  collector  rings w e r e  somewhat shown i n  f igure 10. 

s i m i l a r  i n  tha t  one end w a s  an annulus and the  other was  four circular  
pipes; however, the  orientat ion of the  annulus and pipes of the  exit 
collector  r ing was  opposite t o  t ha t  of the  i n l e t  collector .  The entrances 
t o  the  turbine i n l e t  pipes, which were bui l t  in to  the  exit collector  r ing  
i n  a manner similar t o  the exi ts  of the  compressor discharge pipes, were 
of a diameter equal t o  tha t  of the  turbine pipes and were not enlarged 
as were the pipe connections i n  the  i n l e t  collector  ring. 

Guide Vanes 

Detai l  dr-zwings of the  guide vanes and tables of dimensions f o r  the 
two vane configurations tes ted a r e  shown i n  f igure  11. The guide vanes 
were attached t o  the  downstream end of the simulated reactor w i t h  the 
exception of annulus 1, where the  vane was  fastened t o  Qhe header p la te .  
The vanes were intended t o  turn  the  flow 90’ t o  a direct ion pa ra l l e l  t o  
the header p la te  with a minimum of total-pressure loss and without dis-  
turbing the balance of flow i n  the reactor.  
from vane configuration 2 i n  tha t  configuration 2 included the vane fo r  
annulus 1 and a conpletely redesigned vane fo r  annulus 2. The vane 
heights of vanes 3 t o  7 were reduced by cutt ing o f f  short sections of 
the  base whereas tha t  fo r  vane 9 was increased by inser t ing shims at  the 
base. This configuration increased the  minimum spacing between adjacent 
vanes i n  the annuli near the center of the  reactor and i n  annulus 9, 
while decreasing the minimum spacing i n  the annuli i n  the  outer par t  of 
the reactor.  

Vane configuration 1 differed 

Control Rods 

Detailed drawings of the  simulated control rods, together with tables 
of dimensions, are shown i n  f igure  12. Control rod configuration 1 was  
used i n  conjunction with guide vanes whereas configuration 2 was  used 
without guide vanes. The control rods fo r  both configurations were 
airfoil-shaped and of the  same profi le;  the arrangement f o r  use without 
guide vanes had a s l igh t ly  higher aspect r a t i o  and a f la t  t i p  f o r  attach- 
ment t o  the reactor.  
guide vanes. An end view of the reactor, f igure 13, shows the  eircumfer- 
ent ia1  and rad ia l  positions of the  control rods. Figure 14, a photograph 
of the  exit end of the reactor,  with guide vanes and rods i n  quadrant D 
(see f i g .  1) removed, i s  included f o r  i l l u s t r a t i v e  purposes. 

Configuration 1 fastened d i rec t ly  t o  the  curved 
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The several venturi meters required f o r  t h i s  investigation were 
a l l  designed t o  produce a sinusoidal acceleration dis t r ibut ion i n  which 
the  acceleration at the  i n l e t  and exit was zero. The r a t i o  of the  
upstream area t o  the  venturi throat  area w a s  10 for  a l l  venturi meters 
except the  ones located i n  the  compressor discharge and turbine i n l e t  
pipes, the  area r a t i o s  of which w e r e  dictated by the pipe s izes  and 
quanti t ies  of air  t o  be passed and which equaled 1.65 and 1.45, respec- 
t ively .  A drawing of a typ ica lven tur i  m e t e r  i s  shown i n  f igure 15; a 
table  l i s t i n g  the  various venturi t h roa t  diameters required i s  a l s o  
included. 

Special equipment required f o r  the  air-flow tracing investigation 
consisted of a supply of dichlorodifluoromethane (Freon 12), a water- 
heated Freon vaporizer, a tube fo r  in ject ing the Freon vapor in to  the  
model, and equipment fo r  measuring the  specif ic  gravity of the  mixture 
of air and Freon 12, which will be discussed i n  the following section. 
The design condition fo r  the vaporizer w a s  the vaporization of 1/2 pound 
of Freon per second a t  pressures up t o  300 pounds per square inch. 
inject ion tube w a s  a 5/16-inch outside-diameter cylindrical  tube with 
three short 3/16-inch outside-diameter tubes attached perpendicular 
thereto. The center l ines  of these short tubes, which were para l le l  t o  
the  model center l ine,  were located the  same r d i a l  distance f r o m  the  
model center as were the midpoints of annular passage numbers 4, 5 ,  
and 6. (See f i g .  16.) The exit ends of the  short tubes were located 
about 1/32 inch upstream of the  simulated reactor entrance; consequently, 
Freon entered the  model i n  annuli 4, 5 ,  and 6 i n  a direct ion pa ra l l e l  
with the airstream. Injection tubes were located simultaneously at  the  
4 5 O  position i n  a l l  four quadrants. 

The 

INSTRUMEXTATION 

For test configuration 1 (f ig .  2) ,  flow measurements were made i n  
the  venturi meter, at the o r i f i ce  p la te  i n  the  simulated reactor (sta- 
t i on  3 ) ,  and i n  the  cylindrical  duct upstream of the reactor.  
instrumentation i n  the  o r i f i ce  p la te  consisted of a pressure o r i f i ce  on 
both the upstream and downstream face i n  each of the four quadrants of 
the  nine annuli. Instrumentation upstream of the  reactor w a s  limited 
t o  a single total-pressure tube (designated as H l a ) ,  which determined 
the  mean t o t a l  pressure since the velocity w a s  extremely small i n  t h i s  
region . 

The 

+ 

For t e s t  configuration 2, instrumentation, i n  addition t o  tha t  f o r  
t e s t  configuration 1, consisted of w a l l  static-pressure o r i f i ces  i n  the  
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i n l e t  annulus and traversing total-pr  ure instruments i n  the i n l e t  
annulus a t  s ta t ions  2 i  and 2e. Both the  total-pressure survey instru-  
ments and w a l l  static-pressure o r i f i ces  were located at  four circumfer- 
e n t i a l  positions, on a 450 location i n  each quadrant; unless noted other- 
wise, a l l  instrumentation discussed hereafter may be assumed t o  be located 
s i m i l a r l y .  Surveys a t  s ta t ions  2 i  and 2e were not made simultaneously. 
The total-pressure tube of s ta t ion  la w a s  moved t o  a posit ion upstream 
from the  i n l e t  annulus. 

The instrumentation f o r  test  configuration 3 included tha t  f o r  t e s t  
configuration 2 i n  addition t o  instrumentation located i n  the  compressor 
discharge pipes. The total-pressure tube H l a  w a s  omitted. A special  
tube w a s  used for  determining the  whirl angle of the  flow a t  stat ions 2 i  
and 2e. Four w a l l  static-pressure or i f ices  and a single total-pressure 
tube were located i n  each of the  compressor discharge pipes at  s ta t ion  1 
and i n  each throat  of the  venturi meters located at s ta t ion  B. For 
t h i s  and later t e s t  configurations, s t a t ion  1 was  the reference sta- 
tion, replacing the s ta t ion  f o r  other test  configurations which w a s  
designated l a .  

Instrumentation fo r  t e s t  configuration 4 consisted of tha t  for t e s t  ‘t 
configuration 3 i n  addition t o  longitudinal w a l l  static-pressure o r i f i ces  
on both w a l l s  of the  exi t  annulus, traversing total-pressure rakes i n  the  
exi t  annulus at  s ta t ion  6, traversing total-pressure and whirl-angle rakes 
i n  the exi t  annulus at  s ta t ions  7 and 8, and four  w a l l  static-pressure 
o r i f i ces  and a total-pressure tube i n  the  throat  of each venturi meter 
a t  s t a t ion  9. 
annulus and immediately downstream of the header section at  the discharge 
of the  simulated reactor,  s t a t ion  7 w a s  i n  the  ex i t  annulus a t  the  
entrance t o  the  section i n  which the large mea increase occurred, and 
s ta t ion  8 w a s  upstream of the ex i t  collector  r ing.  Surveys i n  t h i s  
annulus, as noted previously fo r  the i n l e t  annulus, were made a t  one 
s t a t i on  a t  a time. 

c 

Station 6 was  located i n  the  upstream par t  of the  exi t  

A traversing rake consisting of two O.&O-inch-diameter, t o t a l -  
pressure tubes spaced 0.08 inch between centers w a s  located at  the  

450 posit ion i n  qu 

of the  simulated reactor passages. 
measurements from the  outer t o  inner w a l l  of each annulus. 

1 
2 t A, 2- inches downstream from the  upstream end 

This rake permitted total-pressure 

The t w o  primary par ts  of the  instrumentation necessary fo r  deter- 
mining the  specif ic  gravity of the Freon and air mixture were sampling 
tubes and an instrument fo r  measuring the  specif ic  gravity. One sampling 
tube w a s  located i n  each turbine i n l e t  e, approximately midway between 
the ex i t  collector  r ing and s ta t ion  9. 
w a s  placed transverse t o  the  f low with three holes a t  the  leading edge 
which were located t o  sample segments of equal area. 

The cylindrical  sampling tube 

Each tube w a s  4 
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- 
located at 4 5 O  re la t ive  t o  either the  horizontal o r  ve r t i c a l  planes. The 
instrument fo r  determining the specif ic  gravity w a s  a commercial instru-  
ment which operated on a mechanical principle and determined the specif ic  
gravity of the  Freon and air mixture r e l a t i ve  t o  that  of same reference 
gas. The accuracy of t h i s  instrument was  about 210 percent f o r  Freon-to- 
air  concentrations of 1 percent by volume. 

TEST PROCEDURE 

Tests were conducted w i t h  t e s t  configurations 1, 2, 3 ,  and 4 i n  
tha t  order. 
an o r i f i ce  configuration which at a passage i n l e t  Mach number of 0.135 
would produce i n  each passage a total-pressure loss between s ta t ions  la 
and 4 equal t o  approximately 9.3 times the dynamic pressure i n  t h e  pas- 
sage at the  i n l e t .  Such an aerodynamic configuration w a s  required t o  
simulate the flow resistance of the  reactor.  The secondary purpose w a s  
t o  determine the flow coefficient  of the  f ina l  o r i f i ce  arrangement i n  
each annulus i n  order that  the or i f i ces  could be used as flow measuring 
devices. A s  noted previously, each annulus was  tes ted w i t h  a l l  other 
annuli sealed a t  their  i n l e t s .  In  addition, configuration 1 w a s  tes ted 
with a l l  annuli open, with  and without the rear s t r u t  i n  place. The pur- 
poses of the  tests were t o  determine the  uniformity of the flow distr ibu-  
t i on  i n  the  simulated reactor without the rear s t ru t ,  and t o  determine 
the  nonuniformity of the  flow due t o  strut blockage. 

The primary purpose of t e s t ing  configuration 1 w a s  t o  develop 

Configurations 2, 3 ,  and 4 were tested f o r  the purpose of determining 
the effect  of a single duct element or  a group of duct elements on the  
dis t r ibut ion of m a s s  f l o w  per un i t  area i n  the simulated reactor,  f o r  the  
purpose of determining whether the  total-pressure los s  of a par t icular  
duct element w a s  excessive, and f o r  the  purpose of determining the gen- 
eral f low character is t ics  of each duct element. The aforementioned 
objectives dictated a t e s t  procedure whereby the camplete model assembly 
had t o  be broken up in to  sections f o r  individual tes t ing.  
t ions 2, 3 ,  and 4 represent the  breakdown adopted. 

Configura- 

Configuration 2 permitted the  evaluation of the i n l e t  annulus and 
header section design re la t ive  t o  the reactor mass-flow dis t r ibut ion and 
total-pressure loss characterist ics.  Similarly, configuration 3 per- 
mitted evaluation of the inlet- collector  design. With respect t o  the 
ducting downstream from the simulated reactor,  the design i n  the immediate 
region of the  ex i t  header section was  considered t o  be t he  only uni t  which 
could affect  the  reactor mass-flow dis t r ibut ion appreciably; therefore, 
the downstream ducting was  evaluated w i t h  the complete model assembled, 
configuration 4. During the  investigation, changes t o  cer ta in  duct ele- 
ments appeared desirable; some of these desirable changes were made and 
tes ted with the complete model configuration, test configuration 4. 

r 
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Table I l i s t s  the various test  configurations and the par t icular  or ig inal  
o r  redesigned duct elements tested with each configuration. 
a l l  configurations were tested over the larges t  flow range permitted by 
the equipment i n  order t o  obtain an indication of Reynolds nurriber ef fects .  

In general, 

A l imited number of tests w e r e  conducted with test configuration 4c 
Since with various compressor discharge and turbine i n l e t  pipes closed. 

these investigations were intended t o  represent conditions prevailing 
when certain of the  four engines were not i n  use, it was always necessary 
t o  have corresponding turbine and compressor pipes shut simultaneously. 
For these asymmetrical test  conditions, as f o r  the s 
di t ions ,  the mass flow per uni t  area i n  the compressor discharge and tur- 
bine i n l e t  pipes w a s  adjusted t o  within *l percent of the mean mass flow 
per uni t  area i n  the pipes through which a i r  was  flowing. 
sponding total-pressure deviation i n  any pipe a t  design Mach nurriber 
never exceeded 

The corre- 

O.l>(H - p Ivl. 
.)) 

BASIS OF COMPARISON 

The performance indices of most importance i n  the subject investi-  
gation were the  dis t r ibut ion of mass flow and the total-pressure loss 
coefficient.  
generally presented as t'ne percent deviation from the  mean m a s s  flow per 
un i t  area i n  t ha t  par t icular  duct element. 
generally presented as the  difference from the mass-weighted t o t a l  pres- 
sure i n  the four compressor discharge pipes, 

i n t e r e s t .  The loss, i n  most cases, i s  presented i n  terms of a calculated 

compressible dynamic pressure a t  s ta t ion  1, E H  - p l v 4 .  This i s  the 

pressure corresponding t o  an assumed rectangular velocity profi le ,  an 
a i r- f low quantity corresponding t o  tha t  measured by the venturi meters 
a t  s t a t ion  B, a f l o w  area corresponding t o  the  sum of the area of the 
pipes at  s ta t ion  1 through which air  was flowing, and a t o t a l  pres- 

The dis t r ibut ion of flow i n  a par t icular  duct element i s  

The total-pressure loss  is 

Hl, and the  s ta t ion  of 
- 

- 
sure HI. The parameter 

engine performance estimates since it i s  a one-dimensional quantity 
which s a t i s f i e s  continuity. Conversion factors which permit evaluating 
s i m i l a r  one-dimensional values of compressible dynamic pressure a t  other 
duct s ta t ions  i n  addition t o  mass-weighted mean values are a lso  presented 
i n  order t o  f a c i l i t a t e  further aerodynamic analysis of the  performance of 
individual duct elements. Similarly, one-dimensional values of Reynolds 
and Mach numbers, Rv and Mv, were evaluated and a re  presented. I n  the  
case of s t a t ion  3 ,  
ber corresponding t o  the  mass-weighted t o t a l  pressure and the  t o t a l  m a s s  
flow of the  nine reactor passages as measured by the  o r i f i ces  i n  the  
mult iorif ice pla te .  

- p)vJ i s  convenient f o r  use inmaking 
- 

c 

M3 is  defined as a one-dimensional value of Mach num- 
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Results of t he  gas sampling t e s t s  are  presented as the  percentage 
concentration of Freon t o  tha t  of air noted i n  a par t icular  turbine i n l e t  
pipe t o  the  mean concentration of Freon t o  air  i n  the turbine i n l e t  pipes 
through which the  mixture was  flowing. 

RESULTS AND DISCUSSION 

STATION CONVERSION DATA 

Pertinent information necessary t o  f a c i l i t a t e  comparison of data 
f o r  the  various t e s t  configurations and t o  permit further analysis of 
these data i s  presented i n  f igure  17. The relat ions of t e s t  Reynolds 
number q2i and Mach numbers M v l ,  %2i, q2e, v, q 8 ,  an& q 4  
a re  presented as a function of mean simulated-reactor passage Mach num- 
ber a3 i n  f igure l7(a) .  The relat ions of the  r a t i o  of calculated 
dynamic pressure a t  s ta t ion  1 and the  calculated dynamic pressures at 
s ta t ions  2i ,  2e, 3 ,  4, 7, and 8 are shown as a function of mean passage 
Mach number i n  f igure l7 (b ) .  The re la t ion of the r a t i o  of the calcu- 
lated dynamic pressure and the measured dynamic pressure a t  s ta t ions  1, 
2i ,  2e, 7, and 8 i s  shown as a function of mean passage Mach number i n  
f igure l 7 ( c ) .  Figure 1.7 permits converting the  data in to  terms of con- 
di t ions  a t  any reference s ta t ion  desired. The Reynolds number obtained 
at  design Mach number i s  240,000, which i s  15.8 percent of the fu l l-  
scale Reynolds number. 
288,000 was covered i n  the  t e s t .  
exi t  of the  simulated reactor,  s ta t ions  3 and 4, w a s  0.135 and 0.22, 
respectively. 

A range of Reynolds number between 162,500 and 
Design Mach number a t  the  i n l e t  and 

PmFORMANCE OF TRE SIMULATED REACTOR UNDER 

IDEAL INLET CONDITIONS 

Before the investigation of the  duct system could proceed, it w a s  
necessary t o  develop a sa t is factory  o r i f i ce  configuration and t o  C a l i -  
bra te  the simulated reactor under idea l  conditions s i m i l a r  t o  those 
imposed by t e s t  configuration 1. 
prescribed performance i s  tha t  shown i n  f igure 5;  data from t e s t s  of 
t h i s  reactor under idea l  i n l e t  conditions (configuration 1) are  pre- 
sented i n  f igures 18, 19, and 20. 
sage of the  reactor are  presented as a function of reactor passage Mach 
number i n  f igure 18. The loss coefficients at design Mach number 0.133 
vary from 10.17 fo r  annulus 1 t o  9.38 fo r  annulus 9. This represents a 

The simulated reactor which m e t  the  

The loss  coefficients  of each pas- 
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.8 

of about 8 percent. The f a c t  tha t  the mean loss H3 - H4 variat ion of 
(4 

coefficient  of a l l  annuli w a s  approximately 9.8 instead of 9.3, the  
design loss coefficient ,  w a s  not considered signif icant  because the coef- 
f i c i en t  was  so  large i n  order of magnitude. Figure 1.9 presents the vari- 
at ion of the  mean m a s s  flow per un i t  area fo r  each annulus i n  terms of 
percentage of the mean m a s s  f l o w  per un i t  area f o r  the en t i r e  model f o r  
the condition where a l l  annuli were operating i n  para l le l .  Data a re  pre- 
sented over a passage Mach number range of 0.095 t o  0.152. The maximum 
variat ion of m a s s  flow per un i t  area fo r  the Mach number nearest t o  
design (0.138), with the exception of annulus 1, was  from 0.55 (annulus 7 )  
t o  -0.62 percent (annulus 2) .  
t h i s  deficiency w a s  a t t r ibuted t o  the  rear  strut located near the exi t  of 
the simulated reactor,  which effect ively reduced the  an 
39 percent. 
indicated tha t  the  maximum variat ion of mass f l o w  per uni t  area a t  a Mach 
number of 0.140 w a s  k0.4 percent with the  rea r  s t r u t  removed. In addi- 
t ion  t o  the variat ions between annuli, there were a l s o  some variations 
between quadrants i n  any one annulus. These data are presented i n  f ig-  
ure 20 a t  a Mach number nearest the design. The variat ions were s m a l l ,  
most data f a l l i ng  within 20.4 percent. 
brat ion t e s t s  are  presented i n  f igure 21 as a function of Mach number. 
The data indicate the  effect  of Mach (or Reynolds) number t o  be s m a l l  and 
the magnitude of the  o r i f i ce  coefficients  t o  conform t o  standard values 
fo r  bellmouthed or i f i ces .  

Annulus 1 was def ic ient  by 6.48 percent; 

(See f i g .  6 ( b ) . )  Data taken during another set of runs 

The resu l t s  of the  o r i f i ce  C a l i -  

- 

1 

PERFORMANCE OF THE DUCT SYSTEM UPS= OF THE ORIFICE 

PLATE I N  TRE SlMuLATED REACTOR 

Pressure and Velocity Distributions 

.- The rad ia l  variat ion of the  
r a t i o  the i n l e t  s t a t ion  of the  i n l e t  
annulus, s t a t ion  21, for t e s t  con at ion 2 i s  shown i n  f igure a22. 
Variations i n  d is t r ibut ion with changes i n  Mach number were negligible, 
as were variat ions between the four quadrants at which surveys w e r e  made. 
The outer-wall portion of the bellmouthed i n l e t  locate& immediately 
upstream of s ta t ion  2 i  produced somewhat thicker boundary layers than 
did the center portion; however, the f low w a s  representative of an idea l  
i n l e t .  

The w a l l  static-pressure measur ents along the length of the  i n l e t  
annulus f o r  t e s t  configuration 2 are represented nondimensionally i n  f ig-  
ure 23 as the  r a t i o  of the  difference between the s t a t i c  pressure a t  the  
f i c t i t i ous  s ta t ion  v2i and the loca l  s t a t i c  pressure t o  the  dynamic 
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pressure at  the f i c t i t i o u s  s ta t ion  v2i.  This static-pressure drop coef- 
f i c i en t  i s  plotted against the nondimensional flow length along the pas- 
sage center l ine .  The static-pressure deviations between quadrants i n  
any one transverse plane were not large; therefore, the points plot ted 
are  presented as an average of the four quadrants. The curve fa i r ings  
a re  somewhat arbi t rary  because several t i m e s  the available number of 
longitudinal s ta t ions  would be required t o  obtain an accurate t race  of 
the  static-pressure changes. The curves indicate that ,  at corresponding 
locations on the inner and outer w a l l s ,  differences i n  the  coefficient  
of as much as 0.08 existed. These differences were presumably s e t  up by 
a combination of centr ifugal  forces and changes i n  local  w a l l  shape and 
were not considered serious. No evidence of appreciable change i n  the 
coefficient  w i t h  speed i s  apparent up t o  the  entrance of the  diffuser  
preceding the  header p la te .  Downstream from t h i s  point, there are  indi- 
cations of depreciating performance with increasing speed or  Reynolds 
number and t h i s  i s  a typical  diffuser  ef fect .  Its seriousness cannot be 
evaluated without consideration of the  total-pressure- loss data t o  be 
discussed i n  a following section. 
f i c i en t  fo r  the approximately constant area portion of the  i n l e t  annulus 
was  about 0.44, which i s  larger than the  total-pressure loss coefficient  
by the  amount of increase i n  mean dynamic pressure due t o  changes i n  
velocity dis t r ibut ion and density. 

The overal l  static-pressure drop coef- 

The radial variat ion of t o t a l  pressure a t  the exi t  s t a t ion  of the  
i n l e t  annulus, s t a t ion  2e, f o r  t e s t  configuration 2 is shown i n  f igure 24. 
Variations i n  d is t r ibut ion between the  four survey quadrants were negli- 
gible, except i n  a s m a l l  region near the  inner w a l l ;  however, extremely 
large radial variations were present. The highest loss, 
occurred at  the inner w a l l  adjacent t o  the header plate,  while the  mini- 
mum loss,  O.l4(H - P ) ~ ; Z ~ ,  occurred at the 75-percent-area point, refer-  
enced t o  the inner w a l l .  The same data  are  plot ted as a velocity d i s t r i -  
bution i n  f igure 25. 
the  inner w a l l  i s  apparent, with magnitudes of the  velocity i n  t h i s  
region ranging from 8 t o  35 percent of the  mean velocity according t o  
what quadrant i s  considered. 
of the  mean. 
stream from the large and rapid increase i n  area (equivalent t o  a 28' 
conical d i f fuser)  adjacent t o  the  header p la te .  The boundary layer at  
the entrance t o  t h i s  increasing area section was  probably thick, which 
penalized the performance further.  
t i on  2e were such tha t  flow separation and i n s t ab i l i t i e s  a re  l ikely  t o  
occur a t  ful l- scale Reynolds number. 

1 . 1 9 ( H  - p)v2i, 

The dis tor ted condition of the boundary layer on 

The peak velocity obtained w a s  140 percent 
The velocity dis t r ibut ion i s  what might be expected down- 

The boundauy-layer prof i les  f o r  sta- 

Inlet-collector- ring exit.-  Radial variations of t he  angle a t  which 
the flow i s  whirling (whirl angle), the  t o t a l  pressure, and the  r a t i o  of 
the  local  t o  the  mean velocity at  s ta t ion  21 f o r  t e s t  configuration 3 
are  shown i n  figures 26, 27, and 28, respectively. Variations i n  the 

G 



distr ibutions with Mach number were again negligible; however, variat ions 
between the four survey quadrants were large. 
flow increased gradually from approximately 0' near the outer w a l l  t o  
approximately 13' about midway between the  outer and inner w a l l s ,  and 
were essential ly constant thereafter .  
rants  A and D whirled counterclockwise whereas the flow i n  quadrants B 
and C whirled clockwise as viewed from downstream; t h i s  variat ion appears 
logical  when one considers the de t a i l s  of the i n l e t  collector  r ing and 
the  circumferential locations of the four survey quadrants. 

The whirl angles of the 

(See f i g .  26.) The flow i n  quad- 

The loss of t o t a l  pressure i n  the four quadrants, f igure 27, w a s  
approximately equal a t  the  outer w a l l  and w a s  large i n  magnitude. 
loss i n  quadrants A and B decreased progressively over the  larger portion 
of the  duct width from the  high value near the  outer w a l l  t o  a low value 
near the inner w a l l .  The loss i n  quadrants C and D was  pract ica l ly  con- 
s tan t  and w a s  large over the  major portion of the duct width. 

The 

Velocity distr ibutions developed from these data and presented i n  
f igure 28 indicate maximum velocit ies for quadrants A and B t o  be approxi- 
mately equal and t o  be 125 percent of the m e a n  velocity. 
velocit ies f o r  quadrants C and D were approximately equal, but only 
90 percent of the mean. 
percentage of the  i n l e t  area and presumably represented only minor losses 
of energy. The velocity prof i les  realized with an ideal  i n l e t  flow, test 
configuration 2, a re  presented i n  t h i s  f igure for comparison purposes. 
The unsymmetrical flow and, consequently, the gross deviation from tha t  
obtained with an idea l  i n l e t  flow i s  a t t r ibuted di rect ly  t o  the i n l e t  
collector  ring. This unsymmetrical flow would be expected t o  produce 
greater losses between s ta t ion  2i  and the simulated reactor than were 
real ized with the idea l  i n l e t  f low. 
d is t r ibut ion a t  the inlet-collector- ring ex i t  ( s ta t ion  2 i )  i s  desirable 
and could possibly be accomplished by relieving the  sharp radius of turn  
on the  outer w a l l  of a l l  quadrants of the  collector- ring exi t  (see f i g .  9 )  
i n  order t o  reduce the losses shown i n  f igure 27 i n  t h i s  region. 

The maximum 

The boundary layer occupied a re la t ive ly  small 

- 

Improvement i n  the total-pressure 

In le t  header, collector  r ing i n  place.- Results of surveys at  sta- 
t i on  2e obtained with the  i n l e t  collector  r ing i n  place, t e s t  configura- 
t ion  3 ,  are  shown i n  figures 29, 30, and 31. Variations i n  the d i s t r i -  
butions with Mach number were s m a l l ;  however, variations between the  
four quadrants a t  which surveys were made, although being considerably 
l ess  than a t  s ta t ion  2 i  f o r  the same t e s t  configuration, were s i  i f i can t .  
The whirl angle of the flow was s m a l l ,  never increasing beyond 8T (See 
f i g .  29.) The r ad i a l  variat ions of t o t a l  pressure ( f ig .  30) were large; 
the total-pressure loss f o r  quadrants A and B varied from a value of 
2.25(H - P ) , ~  
outer w a l l .  
inner half ,  but larger i n  the outer hal f .  

at  the inner w a l l  t o  a low of 0.74(H - P ) , ~  near the 

Total-pressure losses i n  quadrants C and D were l ess  i n  the 
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The same data a re  plot ted i n  f igure  31 as velocity distr ibutions i n  
terms of the  mean velocity. The variations between veloci t ies  i n  the 
four quadrants were s m a l l  near the inner w a l l ,  but quite large i n  a sec- 
t ion  near the  outer w a l l  t ha t  represented about 60 percent of the  annulus 
area. 
equal and 135 percent of the  mean. The maximum veloci t ies  fo r  quad- 
rants  C and D were approximately equal but only 112 percent of the mean. 
The decrease i n  the circumferential variations obtained between sta- 
t ions 2i  and 2e resulted from natural  mixing which w a s  probably accel- 
erated by the whirling motion of the  flow known t o  be present i n  the 
i n l e t  annulus. Figure 31 also indicates pract ica l ly  no boundary layer 
on the  outer wall, and boundary layers at  the  inner wall which extended 
over 90 percent of the duct area. Comparison of these prof i les  w i t h  
those obtained with an idea l  i n l e t  flow, t e s t  configuration 2, indicates 
the effects  of the  i n l e t  collector  r ing t o  be favorable with respect t o  
radial distr ibutions but unfavorable with respect t o  the circumferential 
variations. 
rad ia l  shi f t ing of the f low toward the inner wall, which originated at  
the collector-ring exi t ,  result ing i n  signif icantly greater veloci t ies  
i n  a region near the inner w a l l  t ha t  represented approximately 30 per- 
cent of the  annulus area and s l igh t ly  lower velocit ies i n  the remaining 
portions. 

The maximum velocit ies f o r  quadrants A and B were approximately 

The improvement i n  radial dis t r ibut ion w a s  real ized by a 

Redesigned i n l e t  header.- With the  i n l e t  collector  r ing i n  place, 
the velocity dis t r ibut ions  a t  s t a t ion  2e w e r e  substantial ly be t te r  than 
obtained without the collector  r ing but were not considered sat isfactory;  
consequently, e f fo r t s  were directed towards improving the  velocity dis-  
tr ibutions.  
t ion  adjacent t o  the header p la te  w a s  the most obvious solution; there- 
fore,  a header p la te  designed t o  provide an increasing area section 
which expanded at a r a t e  equivalent t o  tha t  of a 12' conical diffuser  
w a s  constructed. In  designing the header p la te ,  an e f fo r t  was a l s o  
made t o  maintain constant velocity as the flow progressed from the ex i t  
of the  diffuser  section towards the center l i n e  of the model; t h i s  w a s  
not feasible near the model center as the distance between the header 
and the upstream end of the  simulated reactor w a s  prescribed. 
and dimensions of t h i s  header plate,  number 2, are shown i n  f igure 7 .  
The redesigned header p la te  w a s  tes ted with the  complete model, con- 
figurat ion 4b. R a d i a l  variations of performance indices obtained from 
measurements a t  s ta t ion  2e fo r  t e s t  configuration 4b are shown i n  f ig-  
ure 32. 
obtained with t e s t  configuration 3 and header p la te  1. 
between data f o r  these two configurations were due only t o  changes i n  
the  header p la te  since t e s t s  with configuration 4 with the  or ig inal  
header p la te  showed the model components downstream of the  reactor t o  
have no influence on the total-pressure characterist ics of the  upstream 
components. Significant circumferential variat ions were again observed 
because no action was  undertaken t o  reduce them. The r ad i a l  variations 

A reduction i n  the  r a t e  of area change i n  the  di f fuser  sec- 

Drawings 

Also presented are  data from figures 30 and 31 which were 
The differences 

~ 
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of total-pressure loss coefficient were large, varying from approximately 
1 . 8 ( H  - P ) , ~  near the  outer w a l l  t o  approximately 0.7(H - p)vl at  the  
90-percent-area point (referenced from the inner w a l l ) .  However, header 
p la te  2 w a s  responsible f o r  s ignif icant  decreases i n  the total-pressure 
losses between the inner w a l l  and the 90-percent-area point, which pro- 
duced signif icant  improvements i n  the velocity prof i les .  Increased 
velocit ies were obtained near the  inner w a l l  and decreased veloci t ies  
near the outer w a l l .  To be more specif ic ,  the  minimum mean velocity 
f o r  the  four quadrants (observed near the inner w a l l )  and the maximum 
mean velocity (observed a t  the  90-percent-area location) were 50 and 
lo7 percent of the  calculated velocity; whereas, with header p la te  1, 
the mean veloci t ies  were 30 and 127 percent, respectively. 
prof i les  obtained with header p la te  2 were not ideal ,  but were considered 
sa t is factory  since the prof i les  indicated l i t t l e  likelihood of f low 
separation and in s t ab i l i t i e s  at ful l- scale Reynolds number. 

The velocity 

Simulated-reactor i n l e t  profi les.-  Results from total-pressure sur- 

veys i n  each of the  nine annuli of the  simulated reactor 2-2 inches down- 

stream from the leading edge a r e  presented i n  f igure 33. 
obtained with t e s t  configuration 4c. Results f o r  a par t icular  annulus 
are  presented i n  terms of 
of the distance across the  annulus. A t  the w a l l  positions, the curves 
have been fa i red t o  values corresponding t o  s t a t i c  pressures computed 
from the  reactor m a s s- f l o w  data and the  t o t a l  pressure 
t i cu la r  annulus (where H3 i s  the stagnation pressure on the  upstream 
face of the o r i f i ce  p la te  i n  - the  reactor) .  
reactor passage Mach number M3 of approximately 0.135. Results from 
the two survey tubes have been superimposed i n  f igure 33 and, i n  most 
circumstances, form a single well-defined curve. Readings from the two 
total-pressure tubes i n  annulus 1 were not i n  perfect agreement. The 
a i r  flowing in to  t h i s  annulus w a s  complicated somewhat by the main s t e m  
of the  survey rake which was  located immediately upstream of the  leading 
edge of the annulus. Interference effects ,  which changed with r ad i a l  
position of the  survey tubes, could not be eliminated and were considered 
possible causes of these minor differences. These effects  were not noted 
i n  the other eight annuli. For annuli 2 t o  8, the maximum total-pressure 
location occurred at approximately the  90-percent-gap location. Between 
the  location of maximum t o t a l  pressure and the outer w a l l ,  the t o t a l  
pressures decreased gradually at  a r a t e  which depended on the annulus 
location. 
0.9877, which i s  equivalent t o  a V/Vmax 
than noted f o r  any other annuli. For annulus 1, the  location of maximum 
velocity was at  the  10-percent location. 
pressure dis t r ibut ion was  pract ica l ly  constant across the  en t i re  annulus 
o r  gap. Flow i n t o  the  nine passages was steady; no evidence of actual  
o r  incipient  flow separation was  noted. * 

1 

These data were 

H1ocal/Kax, and a re  plot ted against percent 

I 

H3 i n  tha t  par- 

Surveys were made a t  a mean 

Annulus 3 had a total-pressure r a t i o  near the outer w a l l  of 
of 0.49; t h i s  value was  lower 

For annulus 9,  the  t o t a l -  
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Simulated-reactor t o t a l  pressures.- The total-pressure loss 
the reference s ta t ion  la fo r  t e s t  configuration 2 ( i n l e t  annulus 

19 

between 
with 

ideal  i n l e t )  and the face of the  o r i r i ce  plate,  s t a t ion  3, as measured 
by the  upstream pressure or i f ices  on the  o r i f i ce  plate,  i s  presented as 
a function of Mach number i n  f igure 34. The ve r t i ca l  displacement of 
the curves indicates the variat ion of t o t a l  pressure with position of 
the passage i n  the reactor.  
with Mach number since it was pa r t i a l l y  determined by the diffuser  per- 
formance, which was shown i n  f igure 23 t o  deteriorate with increasing 
Mach number. 
of the larger f r i c t i o n  losses i n  these passages. 
ous passages tended t o  decrease progressively with increasing passage 
number with the exception of passage 9, which had large losses. 
boundary layer which developed i n  the  diffuser  along the header p la te  
obviously affected the  los s  coefficient  of the inner passages. 
loss i n  passage 9 w a s  probably due t o  the f ac t  tha t  the air entering 
t h i s  passage consisted of the outer-wall boundary layer. 

The los s  coefficient tended t o  increase 

This tendency vas less  i n  passages 6 t o  9, probably because 
The losses i n  the  vari- 

The 

The high 

Similar data f o r  tests with the collector  r ing i n  place (configura- 
t ion 3)  are  presented i n  figures 35 and 36. 
were obtained w i t h  the same model configuration. Data i n  f igure 35 were 
obtained simultaneously with surveys a t  s ta t ion 2 i  and data i n  f igure 36 
were obtained simultaneously with surveys a t  s t a t i on  2e. The trends of 
these curves w i t h  Mach number are  the same as  observed with t e s t  con- 
figuration 2, a s  i s  the orientation of the curves f o r  the various pas- 
sages. The only e f fec t  of the i n l e t  collector  r ing on the loss coeffi-  
cients  t o  s ta t ion  3 w a s  a change i n  the magnitude. Loss coefficients  
i n  each annulus i n  f igure 36 are larger (by 6 percent o r  l e s s  ) than the 
I.oss coefficients  f o r  the corresponding annuli presented i n  figure 35. 
Data f o r  figure 36 were obtained a t  a l a t e r  date than were data fo r  f ig-  
ure 35; minor uncontrollable changes i n  contour of the WOoden col lec tor  
r ing were probably responsible fo r  these changes. Almost ident ical  loss 
coefficients  with those i n  figure 36 w e r e  observed with t e s t  configura- 
t ion  4a; however, data f o r  test configuration 4b (header p la te  2 )  pre- 
sented i n  figure 37 indicate somewhat lower l o s s  coefficients  i n  a l l  
annuli. The loss  coefficients  decreased with increases i n  Mach number 
below the design value and remained pract ica l ly  constant f o r  increases 
i n  Mach number above the design value. The orientation of the loss  coef- 
f i c i en t s  fo r  the various annuli remained unchanged. The changes i n  l o s s  
coefficient t o  s ta t ion  3 were small but  favorable. Results from t e s t  
configuration 4c (header p la te  2, guide vane configuration 2, and rea r  
s t r u t  2 )  shown in  figure 38 were similar t o  those i n  figure 37. 
plot  of the data from figure 38 i s  shown in  figure 39 t o  i l l u s t r a t e  the 
variat ion i n  l o s s  coefficient  between passages. Only data a t  design 
Mach number are  presented. 
adjacent t o  the header p la te  on the total-pressure dis t r ibut ion wi th in  
the reactor i s  evident. 

Data i n  these two figures 

A cross 

The e f fec t  of the thick boundary layer 

the 
The c i rcwderent ia l  

i n l e t  collector  r ing 
variations i n  flow 
and were observed, 

pat tern which originated i n  
fo r  test configurations 3, 
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&a, 4b, and 4c, a t  the  inlet-collector- ring ex i t  and throughout the  
i n l e t  annulus were s t i l l  present t o  some extent i n  the simulated reactor 
at  s ta t ion  3 and are  presented i n  f igure 40. 
of the t o t a l  pressure i n  a par t icular  quadrant a t  s ta t ion  3 from the 
mean t o t a l  pressure a t  s ta t ion  3 i s  presented fo r  t e s t  configuration 4c 
as a function of annulus number f o r  a Mach number g3 of 0.135. A t  
design speed, the  deviations increased gradually from a value of 22 per- 
cent f o r  annulus 1 t o  a maximum of f10 percent fo r  annuli 6, 7, and 8, 
then decreased t o  approximately *3 percent f o r  annulus 9. 
t ions,  although substantial ly larger than noted f o r  idea l  i n l e t  condi- 
t ions ,  were not considered serious. 

The percentage deviation 

These varia- 

Mean Loss Coefficients 

Referenced t o  or  H1a.- The mass-weighted nean loss coefficients  
up t o  the two i n l e t  annulus s ta t ions  and the  o r i f i ce  p la te  observed with 
t e s t  configuration 2 ( i n l e t  annulus with idea l  i n l e t )  a r e  presented as 
functions of Mach number i n  f igure 41. The loss coefficient  t o  s ta-  
t i on  2 i  w a s  pract ica l ly  constant with Mach number; however, the  loss 
coefficients  t o  s ta t ions  2e and 3, which were both located downstream 
of the  diffusing section, increased gradually with increasing Mach num- 
ber.  The variat ions between quadrants were small. Similar mass-weighted 
loss-coefficient data obtained with t e s t  configuration 3 ( i n l e t  annulus 
with collector r ing)  are  presented i n  f igure 42. A s  previously noted, 
variat ions i n  contour of the i n l e t  collector  r ing occurred i n  the  time 
in terval  between total-pressure surveys at  s ta t ions  2 i  and 2e. There- 
fore, the loss coefficients  t o  s ta t ion  3, both before and a f t e r  the 
changes, a re  presented i n  order t o  determine the losses of the  individ- 
ua l  duct elements. Mass-weighted loss-coefficient data t o  s ta t ions  2e 
and 3 fo r  t e s t  configuration 4b (redesigned header p l a t e )  a re  shown i n  
f igure 43. 
43 fo r  e i ther  s ta t ion  2e o r  3 are  due t o  changes i n  the header plate,  
since data fo r  t e s t  configuration 4a (not included) showed the  model 
components downstream of the reactor t o  have no effect  on the  loss of 
t o t a l  pressure upstream of the  simulated reactor.  Variations i n  loss 
coefficient with Mach number i n  both figures 42 and 43 a re  s m a l l ;  how- 
ever, the  variations between quadrants are  large. The redesigned header 
p la te  was responsible f o r  decreases i n  the loss coefficient  t o  sta- 
t ions  2e and 3. 
following paragraph. 

- 

Differences between the  loss coefficients  on figures 42 and 

A more detai led study of t h i s  w i l l  be made i n  the  

Individual duct elements.- The loss coefficients  of each duct ele- 
ment upstream from s ta t ion  3 f o r  t e s t  configurations 2, 3, and 4b were 
determined from figures 41, 42, and 43 and a re  presented as a function 
of Mach number i n  f igure 44. 
collector  r ing decreased with increasing Mach number. 
number, the  collector  r ing loss -- coefficient w a s  0.64, which i s  equiva- 
len t  t o  a total-pressure r a t i o  H2i/H1 of 0.98 and was  not considered 

The m e a n  loss coefficient of the  i n l e t  
A t  design Mach 
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Test Test Test 
configuration configuration 3 configuration 4b 

(header p l a t e  1) (header p l a t e  2) 
1 

t o  be excessive. 
increasing loss coefficient  fo r  the i n l e t  annulus and a decreasing loss 
coefficient fo r  the  duct element between s ta t ions  2e and 3 w a s  observed 
with t e s t  configuration 2. This i s  opposite from trends noted f o r  t e s t  
configuration 3 .  The values of losses obtained at  the design Mach num- 
ber a re  summarized i n  the  following table: 

A characterist ic  with increasing Mach number of an 

(1) b 1 e t  collector r ing  (from s ta t ion  1 
t o  2 i )  . . . . . . . . . . . . . . . . . . . . . . . . . .  

(2 )  In l e t  annulus including the diffuser 
( f r o m  s ta t ion  2 i  t o  2e) 

( a )  Calculated f r i c t i o n  . . . . . .  
Totals of (a) and (b)  . . . .  

(b)  Turning and diffusion . . . . .  

(3) Header and uTstream reactor passages 
(from s t a t ion  2e t o  3 )  . . . . . . .  

T o t a l .  . . . . . . . . . . .  

Loss of t o t a l  pressure i n  terms 
of (H - P ) ~ ~ ;  M3 = 0.135 f o r  - 

0.640 0.640 

0.297 0 - 297 0.297 
0.206 0 * 1-73 0.031 

0 503 0.470 0.328 

0.250 0.32:, 0.392 
0 * 733 1.435 ixz 

With the  collector  r ing i n  place, the presence a t  s t a t i on  2 i  of 
large circumferential and rad ia l  variations i n  the f low and the exist-  
ence of large whirl angles unquestionably resulted i n  total-pressure 
losses i n  the i n l e t  annulus (between s ta t ions  2 i  and 2e) fram turbulent 
mixing. 
occurred had t h i s  unusual i n l e t  flow not existed. Therefore, the  lower 
loss coefficient of the  i n l e t  annulus with configuration 3 re la t ive  t o  
the loss coefficient  observed with configuration 2 can be accounted f o r  
only by an improvement i n  the  di f fuser  performance. 
ef fect  of the i n l e t  collector  r ing on the loss of t o t a l  pressure between 
s ta t ions  2e and 3 can probably be associated with the signif icant  changes 
i n  mass-flow dis t r ibut ion which must have occurred between s ta t ion  2e 
and the entrance t o  the  simulated reactor with the  collector  i n  place 
since circumferential variat ions i n  mass-flow r a t e  between the four quad- 
rants  of the  simulated reactor were 23/4 percent of the  mean mass-flow 
ra te ;  whereas, variations i n  m a s s- f l o w  r a t e  between the  four quadrants 
at the ex i t  s t a t ion  of the i n l e t  annulus, s t a t ion  2e, were about 7 per- 
cent of the  mean. Header p la te  2 effect ively reduced the  loss of t o t a l  
pressure i n  the i n l e t  annulus and increased the  loss between s ta t ions  2e 
and 3 .  Reasons fo r  t he  decrease i n  loss i n  the i n l e t  annulus are  obvi- 
ous; however, data were not suff ic ient  t o  determine the  reasons f o r  the  
increased loss between s ta t ions  2e and 3 .  

Such losses would be signif icantly greater than would have 

The unfavorable 
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MASS-FLOW DISTRIBUTION I N  SIMUIATED REACTOR 

Symmetrical Conditions 

From the operational standpoint of the  reactor,  the  magnitudes of 
the  deviations i n  mass flow per un i t  area i n  each of the nine annuli 
re la t ive  t o  the  mean mass flow per uni t  area were of great  importance. 
L i m i t s  on the  deviations were, therefore, specified t o  be k5 percent; 
these l i m i t s  have been used throughout t h i s  investigation as a gage fo r  
determining whether resu l t s  obtained with a par t icular  configuration 
were acceptable. The f5-percent l i m i t  w a s  not considered applicable t o  
annulus 1 i n  view of the  large blockage due t o  the  rear  s t r u t  i n  t h i s  
annulus and i n  view of the l o w  air-flow capacity of t h i s  annulus. 

The variations i n  mass flow per uni t  area i n  the various passages 
of the simulated reactor fo r  t e s t  configuration 2 are presented as a func- 
t i on  of the Mach number a t  the  inlet-annulus i n l e t  s t a t ion  i n  f igure 45. 
The curves group between 3 .1  and -2.3 percent of the mean for  annuli 2 
t o  9; annulus 1, however, w a s  deficient  by a maximum of 10.3 percent. 
The trends with increasing Mach number o r  Reynolds number are  favorable 
a t  speeds above the design value, 
ations fo r  t e s t  configuration 1 ( idea l  i n l e t  t o  reactor,  f i g .  19) were 
signif icantly l e s s  than f o r  t e s t  configuration 2; max imum deviations, 
with the exception of annulus 1, of 0.9 and -0.83 percent occurred i n  
passages 3 and 9, respectively. The increase i n  mass-flow deviations 
caused by the addition of the  i n l e t  annulus i s  a t t r ibuted t o  the nonuni- 
form rad ia l  total-pressure dis t r ibut ion i n  the header section ( f igs .  24 
and 34). 

Mv2i = 0.259. Reactor mass-flow devi- 

Similar data obtained f o r  t e s t  configurations 3, 4a, 4b, and 4c are  
The orientations presented i n  figures 46, 47, 48, and 49, respectively. 

of the curves f o r  the various passages were, except f o r  passages 6, 7, 
and 8 i n  f igure 49, essential ly the  same f o r  each configuration. The 
addition of both the i n l e t  collector  r ing and the duct elements located 
downstream from the simulated reactor increased the magnitudes of the  
deviations. 
before any a l tera t ions  t o  the individual duct elements were made; the 
curves group between -8.2 percent, f o r  annulus 2, and 7.6 percent, f o r  
annulus 8. Annulus 1 was deficient  by a maximum of 16.4 percent. 
p l a t e  2 had l i t t l e  ef fect  on the deviation; however, guide vane configu- 
ra t ion 2 reduced the  deviations substantial ly i n  sp i te  of the  f ac t  tha t  
the  t e s t s  included rear  strut 2, which had poorer character is t ics  i n  t h i s  
respect than rear  strut 1. 

Data f o r  the complete model shown i n  f igure 47 were obtained 

Header 

$ 

Figure 50, a cross p lot  of mass-flow deviations at  design Mach num- 
M3 = 0.135, f o r  the model configurations i n  the last f ive  figures, 
- 

ber, 
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permits a be t t e r  comparison of the  data. This f igure shows tha t  a t  design 
speed with the complete model assembly, guide vane configuration 2 w a s  the  
only configuration which produced mass-flow deviations i n  annuli 2 t o  9 
which f e l l  within the  allowable l i m i t s .  In  fac t ,  with t h i s  arrangement, 
only the deviation i n  annulus 2 w a s  greater than 3& percent with the 
exception of annulus 1, which was  deficient  by 12.1 percent. The dis-  
t r ibut ion of flow obtained with t h i s  configuration (4c) was  considered 
sat isfactory;  consequently, no further changes were made. 

Asymmetrical Conditions 

I 

The percentage deviations i n  m a s s  flow per un i t  area i n  the  simu- 
la ted reactor passages from the  mean mass flow per uni t  area f o r  the  
s i x  asymmetrical conditions fo r  which tests-were conducted are  presented 
as a function of mean passage Mach number M 3  i n  figures 51 t o  56. D a t a  
on these figures were obtained with t e s t  configuration 4c. 
w i t h  increasing Mach number as w e l l  as the  orientation of the curves f o r  
the  various annuli a re  similar t o  resu l t s  obtained with symmetrical flow. 
The deviations f o r  several of  the asymmetrical conditions increased 
grossly re la t ive  t o  those observed f o r  symmetrical conditions as i s  indi- 
cated c lear ly  by f igure 57, which consists of cross p lo t s  of figures 51 
t o  56. 
included fo r  comparison purposes. 
t ions are presented at  some percentage of design Mach number, dependent 
upon the  number of pipes open (75 percent fo r  three pipes, 50 percent 
f o r  two  pipes, e tc . ) .  
design rat ing,  t ha t  i s ,  the same operating positions on the performance 
curves as fo r  the complete model a t  design speed, the  Mach number i n  the  
simulated reactor f o r  the various asymmetrical conditions would corre- 
spond t o  those f o r  which data i n  f igure 57 a re  presented. With pipe 3 
closed, the  deviations change l i t t l e  re la t ive  t o  those f o r  the symmetri- 
c a l  condition; with pipe 4 closed, the  only signif icant  change was  i n  
annulus 1 where the deviation increased t o  25 percent. With pipes 1 and 
4 and pipes 2 and 3 closed, the  deviations i n  annuli 1 and 2 were large; 
however, deviations i n  the remaining annuli were less  than 7 percent. 
For the two conditions having three pipes closed, no annulus had devia- 
tions within the ?-percent l i m i t .  I n  annulus 1, there w a s  l i t t l e ,  i f  
any, flow (deviation of -100 percent), while i n  annulus 9 the deviation 
w a s  62 percent. The other condition having three pipes (1, 2, and 4 )  
closed had deviations of somewhat less magnitude, -100 percent i n  annu- 
lu s  l and a maximum surplus i n  any annulus of 18 percent. According t o  
the mass-flow deviation l i m i t s  adopted, none of the cases where more 
than one pipe w a s  closed (less than three-engine operation) would be 
sat isfactory.  

The trends 

Results f o r  a symmetrical condition at  design Mach number a r e  
Results f o r  the  asymmetrical condi- 

With the compressor and turbine operating at 
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Circumferential Variations fo r  Both Symmetrical 

and Asymmetrical Conditions 

The circumferentialvariations i n  mass flow per un i t  area are  pre- 
sented i n  f igure  58. Results expressed i n  terms of the percentage devia- 
t ions of mass flow per uni t  area from the annulus mean m a s s  flow per uni t  
area a re  presented f o r  each quadrant as a function of annulus number. 
The deviations i n  a par t icular  quadrant were quite e r r a t i c  from annulus 
t o  annulus. 
between approximately +l percent. The variat ions increased as the num- 
ber of closed compressor discharge and turbine i n l e t  pipes increased; 
maximum variat ions occurred i n  quadrants A and C when pipes 2, 3 ,  and 4 
were closed. 

The deviations noted fo r  the symmetrical flow case varied 

These variations are  -56 and 53 percent, respectively. 

PERFORMANCE OF THE OVERALL DUCT SYSTEM 

Symmetrical Conditions 

The los s  of t o t a l  pressure between s ta t ions  1 and 9, essential ly 
the  los s  f o r  the  en t i re  duct system, i s  shown as a function of mean 
reactor passage Mach number i n  f igure 59. Results fo r  t w o  configura- 
t ions  are  presented, 4a and 4d. 
cussed, used control rod configuration 2 and no guide vanes. 
t i o n  4a, which has been discussed previously, used both guide vanes and 
rods. The trend of both curves with Mach number i s  the same. In  the  
limited Mach number range below 0.105 for  which t e s t s  were conducted, 
the loss coefficient  w a s  nearly constant with increasing Mach number. 
For Mach numbers greater than approximately 0.105, the loss  coefficient  
increased rapidly with increasing Mach number. 
vanes w a s  at  design Mach number; the corresponding loss 
without vanes w a s  Figure 60, which presents the  loss 
coefficient  between s ta t ions  1 and 9 f o r  configurations 4a and 4b as a 
function of passage Mach number, shows tha t  changes t o  the  header p l a t e  
reduced the loss coefficient  over the  en t i re  speed range of the  t e s t .  
A t  design Mach number, the loss coefficient  w a s  6.7 with header p la te  2, 
representing a reduction i n  overal l  l o ss  of 1.8 percent. Loss coeffi- 
c ients  obtained with configuration 4c, the f i n a l  configuration, and pre- 
sented i n  f igure 61 were approximately the  same as f o r  t e s t  configura- 
t i on  4b. 
substantial ly with Mach number (see f i g .  18), it was desirable t o  remove 
t h i s  ef fect  from the measured overal l  losses of the duct system i n  order 
t o  determine the Mach o r  Reynolds number characterist ics of the ducting 
exclusive of the o r i f i ce  pla te .  For determining t h i s  ef fect ,  the or i f ice-  
p la te  cal ibrat ion curve ( f ig .  18) w a s  used t o  adjust the overall-duct- 
system data t o  a constant orif ice-plate loss coefficient of 9.3. 

Configuration 4d, not previously dis-  
Configura- 

The l o s s  with guide 
6 . 8 2 ( ~  - p)vl 

7.27(H - P ) , ~ .  

Since the loss coefficient through the simulated reactor varied 

The 



resu l t s  are presented i n  figure 61(b) as a function of Mach number. A t  

design Mach number, the  adjusted loss coefficient  -k-% w a s  6.53, 

while the measured loss coefficient was  6.66. 
and 0.145, the adjusted loss coefficients  were 6.65 and 6.56, respec- 
t ively ,  while the measured coefficients  were 6.26 and 6.96. 
t i c a l l y  a l l  the measured variat ion of the  overal l  loss coefficient  with 
Mach number was  due t o  the  orif ice-plate characterist ics.  

(H - P I v l  
A t  Mach numbers of 0.09 

Thus, prac- 

Asymmetrical Conditions 

The overal l  measured loss coefficients  of the  model determined with 
asymmetrical conditions are presented as a function of mean passage Mach 
number i n  f igure 62. 
fo r  a symmetrical condition. 
c a l  conditions an increasing number of closed pipes decreased the los s  
coefficient  s ignif icantly,  tha t  the  variat ion i n  los s  coefficient  with 
Mach number was s m a l l ,  and tha t  with the outer pipes (number 4 o r  both 
1 and 4 )  closed, the loss coefficient  w a s  somewhat greater than with the 
inner pipes closed. The reason fo r  the  large reduction i n  loss coeffi- 
cient  was because the  m a s s  f l o w  per uni t  area throughout the  model w a s  
reduced i n  proportion t o  the number of pipes closed; whereas, the  dynamic 
pressure on which the coefficient  i s  based w a s  not reduced. A t rue  com- 
parison of the aerodynamic performance may be obtained by multiplying 
the coefficients  f o r  the  1-, 2-, and 3-pipe-closed conditions by 1.78, 
4, and 16, respectively. 

Also included f o r  comparison purposes are resu l t s  
This f igure shows tha t  for the  asymmetri- 

PERFORMANCE OF THE DUCT SYSTEM DOWNSTREAM FROM THE 

ORIFICE PLATE I N  THE SIMULATED REACTOR 

Pressure and Velocity Distributions 

Simulated-reactor exi t .  - Total pressures i n  t h e  individual annuli 
at s ta t ion  4, expressed i n  terms of lo s s  coefficients,  a re  presented i n  
f igure  63 as a function of annulus number. 
with t e s t  configuration 4c, are  fo r  one Mach number only, E3 = 0.141. 
The data were not measured di rect ly ,  but  were computed using data  at  
s ta t ions  3 and 1 and t h e  orif ice- plate cal ibrat ion curve of f igure 18. 

Data i n  t h i s  figure, obtained 

~ 

increased from a value of 4.95 fo r  Hl - H4 
( H  - P I v l  

The loss coefficient  

annulus 1 t o  5.84 a t  annulus 5, decreased t o  a value of 5.34 fo r  annuli 7 
and 8, then increased t o  a value of 5.6 for  annulus 9. Similar trends 
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were noted f o r  other header plate,  guide vane, and rear s t r u t  configura- 
t ions .  The loss dis t r ibut ion was  j u s t  opposite from what might normally 
have been expected. 
flow ra tes  were approximately equal, were such tha t  losses through the  
individual annuli a t  design Mach number were less  i n  the outer annuli 
than i n  the annuli comprising the center portions. The loss dis t r ibut ion 
t o  s ta t ion  3, f igure 39, w a s  s i m i l a r  t o  the  loss dis t r ibut ion through the 
simulated reactor.  The deficiencies i n  flow r a t e  through annuli 1, 2, 3 ,  
and 4 ( t e s t  configuration 4c) produced lower orif ice-plate losses by not 
only reducing the  dynamic pressure i n  the passages but a lso  by reducing 
M 3  and thus the  o r i f i ce  loss coefficient,  as shown i n  f igure  18. These 
factors were thus responsible fo r  t he  change i n  dis t r ibut ion at s ta t ion  4 
from tha t  normally expected. A s  the mass-flow deviations were, t o  some 
extent, a function of the t o t a l  pressure a t  s ta t ion  4, it must be con- 
cluded tha t  the orif ice-plate characterist ics determined t o  some extent 
the  mass-flow deviations. Unless the  actual  reactor has the  same Mach 
number characterist ics as the  o r i f i ce  p la te  (simulated reactor f o r  these 
t e s t s ) ,  flow-rate deviations with the  actual  reactor may d i f f e r  somewhat 
from those f o r  the  model, especially i n  annulus number 1. For instance, 
i f  the loss coefficient  of the  actual  reactor does not vary with changes 
i n  passage Mach number, mass- flow deviations i n  the  actual  reactor w i l l  
be larger than reported herein. 

The characterist ics of the  o r i f i ce  pla te ,  when the  

Exit-header exi t .-  The resu l t s  of total-pressure surveys at the  
ex i t  of the ex i t  header ( s ta t ion  6 )  f o r  t e s t  configuration 4c are  pre- 
sented i n  f igure 64 f o r  quadrant A .  Total-pressure measurements at 
positions i n  quadrant A other than the  45’ position indicated t o t a l  
pressures at  s ta t ion  6 t o  be asymmetrical due t o  wakes from model com- 
ponents located upstream ( rear  strut and control rods); consequently, 
the  attainment of re l i ab le  data at  t h i s  s ta t ion  was  impractical. The 
curve presented i s  merely f o r  the purpose of i l l u s t r a t i ng  the general 
type of total-pressure p rof i l e  obtained at  t h i s  s tat ion.  

Exit annulus.- The w a l l  static-pressure measurements along the  
length of the  ex i t  annulus f o r  t e s t  configuration 4a are represented 
nondimensionally i n  f igure 65 as the  r a t i o  of the  difference between 
the  s t a t i c  pressure at s ta t ion  1 and the loca l  s t a t i c  pressure t o  the  
calculated dynamic pressure at  s ta t ion  1. 
rants  A and B were approximately equal and have been averaged and plotted 
i n  f igure 65(a). Similarly, s t a t i c  pressures i n  quadrants C and D have 
been plotted i n  f igure 65(b). 
because several times the present number of longitudinal s ta t ions  would 
have been required t o  obtain an accurate t race  of the static-pressure 
changes. The s t a t i c  pressures on the outer and inner w a l l s  of the duct (D”, - O), i n  the  di f fuser  system were essential ly equal a t  s t a t ion  6 - - 
between s ta t ions  7 and 8 

The s t a t i c  pressures i n  quad- 

The curve fa i r ings  are somewhat arbi t rary  

* 

, and at  s ta t ion  8 (& = 7.3). The 
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static-pressure readings cannot be accurately interpreted due t o  the  
fac t  tha t  static-pressure changes i n  the annulus were due t o  a number 
of inseparable effects ,  such as changes i n  local  and general directions 
of flow, i n  velocity distr ibutions,  i n  flow area, and i n  angle of whirl. 

Exit diffuser .-  The resu l t s  of total-pressure and whirl-angle sur- 
veys i n  the  exi t  d i f fuser  at s ta t ions  7 and 8 are presented i n  the  form 
of rad ia l  d is t r ibut ions  i n  f igure 66. The total-pressure data  at  sta- 
t ion  7 were obtained with t e s t  configuration 4c; the  remaining data i n  
t h i s  f igure were obtained with t e s t  configuration 4a. 
total-pressure data i n  quadrants A and C are available; whirl-angle 
measurements at  s ta t ion  7 and both total-pressure and whirl-angle meas- 
urements at s ta t ion  8 a re  available i n  a l l  four quadrants. A t  sta- 
t ions 7 and 8, signif icant  circumferential, as well as radial, varia- 
t ions of t o t a l  pressure were observed. 
both s ta t ions  7 and 8 w e r e  pract ica l ly  independent of airspeed; thus, 
the resu l t s  presented represent an average f o r  a l l  speeds tested. A t  
s t a t ion  7, the  whirl-angles were pract ica l ly  zero i n  a region near the  
outer w a l l  which represented approximately 25 percent of the  duct area, 
but increased gradually t o  a maximum angle of approximately 20' near 
the inner w a l l .  
i n  quadrants A and D whirled i n  a direct ion opposite from flows i n  quad- 
rants  B and C .  The whirl angle of the  flow increased i n  the di f fuser  
(between s ta t ions  7 and 8) reaching, at s ta t ion  8, a maximum angle of 
approximately 50°. 
i n  the  ax ia l  velocity component due t o  diffusion. Larger circumferen- 
t i a l  variations were observed at  s ta t ion  8 than at s ta t ion  7; however, 
the radial variations noted were somewhat  l e ss  than at  s ta t ion  7. 

A t  s t a t ion  7, 

Whirl-angle distr ibutions at  

The whirl w a s  induced by the ex i t  collector  and flows 

The increase i n  whirl angle w a s  due t o  the reduction 

The total-pressure data from s ta t ions  7 and 8 ( f i g .  66) a re  plot ted 
as velocity dis t r ibut ions  i n  terms of the  calculated ax i a l  veloci t ies  i n  
f igure 67. The veloci t ies  presented are  the t o t a l  velocit ies;  thus, the  
velocity ratios fo r  the  quadrants at s ta t ions  7 and 8 w i l l  not average 
1.0 since the flow was whirling. 
t i c a l l y  constant with speed. The variat ion of velocity between quadrants 
increased i n  the di rect ion of flow; a t  s ta t ion  8, maximum velocit ies 
varied from 157 percent of the  calculated axial velocity (noted fo r  quad- 
rant  B )  t o  86 percent (noted f o r  quadrant D). 
both w a l l s  thickened as the  flow progressed through the diffuser .  A t  
the di f fuser  exi t ,  s t a t ion  8, the  boundary layers near the  inner w a l l  
i n  quadrants C and D extended over approximately 40 percent of the  duct 
o r  annulus area. 
incipient  flow separation. 

The velocity dis t r ibut ions  were prac- 

The boundary layer along 

The boundary-layer prof i les  indicated no actual  o r  

Mean Loss Coefficients - 
Referenced t o  HI.- The measured mean loss coefficients  at sta- 

t ions 4, 7, and 8 a re  presented as a function of mean passage Mach 



28 NACA RM SL55G29b 

number i n  f igure 68. 
and 66) were obtained with t e s t  configuration 4c; whereas, data at  sta- 
t i o n  8 were obtained with t e s t  configuration 4a. 
greater than approximately 0.105, the  loss coefficient  at  each s ta t ion  
increased rapidly with increasing Mach number. 
var ia t ion i n  loss cpefficient  with Mach number i s  a t t r ibuted t o  the 
or i f ice- pla te  characterist ics,  as previously discussed. A t  design Mach 
number, the  loss coefficients  at  s ta t ions  4, 7, and 8 were 5.4, 5.74, 
and 6.14, respectively. 

D a t a  at s ta t ions  4 and 7 (as noted fo r  f i g s .  63 

For Mach numbers 

The major portion of the  

Individual duct elements.- Loss-coefficient data f o r  the  various 
duct elements downstream from the simulated reactor were necessary f o r  
estimating the performance of the actual  powerplant which, due t o  the 
heat addition, has di f ferent  values of design Mach number upstream and 
downstream of the reactor.  Loss coefficients  fo r  the  individual duct 
elements a re  presented i n  f igure 69 as a function of mean passage Mach 
number. 
model configuration (test configuration - 4c); thus, it w a s  necessary t o  

fo r  t h i s  model configuration equal assume a loss coefficient  

t o  tha t  measured f o r  the same duct element when tested with t e s t  con- 
figurat ion &a. In  interpret ing these data, the  Mach number trends should 
be disregarded because the  magnitudes of the  changes i n  loss coefficient 
are  of the  same order as the  accuracy of the  data. The loss coefficients 
from s ta t ions  4 t o  7, s ta t ions  7 t o  8, and s ta t ions  8 t o  9 were 0.33, 
0.27, and 0.68, respectively, at  

Total-pressure surveys at  s ta t ion  8 were not made fo r  the  f i n a l  

Hs-3 
(H - P I v l  4 

E3 = 0.135. 

It w a s  impractical t o  calculate the loss of t o t a l  pressure due t o  
w a l l  f r i c t i on  between s ta t ions  4 and 6; however, the duct length between 
the two s ta t ions  w a s  short and the  loss from f r i c t i on  s m a l l .  The los s  
from f r i c t i on  between s ta t ions  6 and 7, however, was calculated t o  be 
16.5 percent of the  measured loss between s ta t ions  4 and 7. The t o t a l -  
pressure los s  associated with flow over the  rear  s t r u t  and control rods 
probably constituted a high percentage of the  remaining loss and was not 
considered excessive. 

The measured loss between s ta t ions  7 and 8 w a s  equivalent t o  
0.39(H - P ) ~ .  The loss from wall f r i c t i on  i n  t h i s  duct element was  
approximately 5 percent of the  measured loss; consequently, the loss 

The t o t a l  loss from other sources w a s  approximately 
i n  a conical d i f fuser  having the  same area r a t i o  (1.57:l) and equiva- 
lent  conical expansion angle (28O) i s  7.5 percent of the  i n l e t  dynamic 
pressure. Thus, the loss between s ta t ions  7 and 8 (diffusing section) * 
from sources other than f r i c t i on  was several times larger than the loss 
i n  an equivalent conical diffuser  including loss from f r i c t i on .  The 
velocity dis t r ibut ion a t  s ta t ion  7 w a s  not par t icular ly  undesirable, 

v7’ 0.371(H - p )  
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and no evidence of boundary layer separation was  obtained at  s ta t ion  8. 
The high loss apparently cannot be a t t r ibuted t o  flow separation; con- 
sequently, it must be associated with the whirling motion and result ing 
flow asymmetry induced by the exi t  collector  ring. 

The loss coefficient  of the  ex i t  collector  r ing and turbine i n l e t  

It was estimated tha t  30 percent of t h i s  
- - 

w a s  0.68. H8 - Hg piping 

loss resulted from f r i c t i on  i n  the  turbine i n l e t  pipes, thus giving a 
net loss through the  collector  r ing of 0.48(H - P ) , ~  o r  1.73(H - P),8a 
This loss of 

0 . 6 5 ( ~  - P ) , ~  
(through the  i n l e t  collector  r ing and an 18-inch length of compressor 
discharge piping). 
point of entry,of  air in to  the  inlet-collector- ring passage, the  loss 
coefficient  of the i n l e t  collector  r ing w a s  approximately 1.2, which i s  
about 69.5 percent of the  exit-collector-ring loss coefficient .  The 
remaining 30 .?-percent difference cannot be broken down because of 
insuff ic ient  data; however, it could be due t o  a number of reasons, 
t ha t  i s ,  differences i n  i n l e t  conditions, whirl effects ,  dump and turn  
losses, and exi t  losses. 

(3 - ??),I 

1 . 7 3 ( H  - p)v8 was  substantial ly greater than the 
loss which w a s  measured between s ta t ion  1 and s ta t ion  2 i  

However, i n  terms of the  dynamic pressure a t  the 

AIR-FLOW TRACING INVESTIGATION 

The scope of the air-flow tracing t e s t s  consisted of determining 
whether the flow i n  the  simulated reactor followed a specif ic  path 
throughout the downstream duct elements and whether the  techniques used 
were sat isfactory.  
ra t ion 4c. 
quantity of Freon injected in to  the model w a s  controlled but the  manner 
i n  which the  flow divided among the three annuli in to  which it w a s  
injected simultaneously (annuli 4,  5 ,  and 6 )  was uncontrolled. 
conditions were investigated - four  syme t r i ca l  and two asymmetrical. 
For f i ve  of these test  conditions, Freon w a s  injected individually i n  
quadrants A, B, C ,  and D; f o r  the s ix th  condition, Freon w a s  injected 
i n  quadrant B only. 

The investigations were conducted with t e s t  configu- 
Results are  presented i n  figures 70 and 71. The overal l  

Six t e s t  

Results a re  presented i n  f igure 70 i n  terms of percent of mean con- 
centration f o r  the  symmetrical condition with approximately constant 
in ject ion i n  quadrants A, B, C,  and D fo r  three airspeeds corresponding 
t o  values of a3 of approximately 0.112, 0.129, and 0.145. Also 
included are  resu l t s  f o r  a higher percentage inject ion i n  quadrant B. 
When the volume of Freon injected i n  quadrant A w a s  equivalent t o  
0.8 percent of the total- a i r- f low volume, the  resu l t s  indicate percent- 
ages of mean concentration i n  the turbine i n l e t  pipes 1, 2, 3 ,  and 4 
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t o  have been 40, 300, 40, and 20 percent, respectively. With in ject ion 
i n  quadrant B, i n l e t  pipes 1, 2, 3 ,  and 4 had percentages of mean con- 
centration of 10, 30, 265, and 95 percent, respectively. Thus, with 
inject ion i n  quadrant A, the major par t  of Freon flowed in to  pipe 2, 
and with in ject ion i n  quadrant B, the  Freon flowed in to  pipe 3 .  
inject ion i n  quadrants C or D, similar trends were observed. 
paths indicated by the data agreed with what would be expected from the  
model geometry. Neither increasing nor decreasing the Mach number with 
approximately constant inject ion had any noticeable effect ,  nor did 
increasing the percentage inject ion fo r  a par t icular  Mach number. 

With 
The flow 

The resul ts  fo r  the  two  asymmetrical conditions, pipe 1 and pipe 2 
closed, obtained at  a Mach number g3 
cent inject ion a r e  presented i n  f igure 71. Results fo r  the symmetrical 
t e s t  condition f o r  a Mach number N3 of 0.129 are  also included. The 
percentage concentrations are  presented as the  ordinates and pipe num- 
ber as the abscissa. 
The dashed l ines  are used t o  connect the reading fo r  pipes having air 
flow with the  readings obtained i n  closed pipes. 
conditions, as noted fo r  the  symmetrical conditions, there  appeared t o  I” 

be a def in i te  concentration pattern i n  the turbine i n l e t  pipes fo r  each 
quadrant i n  which Freon was injected. The changes i n  the  dis t r ibut ion 
of a i r  flow between the  various annuli of the reactor or even between 
quadrants of a par t icular  annulus result ing fr0.m the inject ion of Freon 
i n  various quadrants of annuli 4, 5 ,  and 6 were negligible. It i s  of 
in te res t  t o  note that  closing a par t icular  turbine pipe did not prevent 
a high concentration of Freon from appearing i n  the pipe i f  the Freon 
inject ion pattern was  the  same as the  one which produced t h i s  resu l t  i n  
the  symmetrical case (see pipe-2-closed case, quadrant A ) .  

of 0.108 with approximately 1 per- 

Lines of constant quadrant of inject ion a re  drawn. 

For the  asymmetrical 

SUMMARY OF RESULTS 

The following conclusions are  d ram as t o  the a i r- f low character- 
i s t i c s  of the  l/k-scale model of the  duct system f o r  the General 
Elect r ic  P-1 nuclear powerplant f o r  a i rcraf t :  

1. The i n l e t  annulus, the  i n l e t  collector  ring, the rear  s t r u t  and 
the  or ig inal  design of the  ex i t  header section, a l l  increased the m a s s-  
flow deviations from uniformity i n  the  simulated reactor.  

2. The guide vanes at  the  ex i t  of the reactor were the most con- 
venient means of reducing mass-flow deviations i n  the simulated reactor; 
by t h i s  means, the  deviations i n  a l l  except annulus l w e r e  reduced t o  
within k? percent of the mean, an improvement of 38 percent re la t ive  t o  
the  complete model deviations before vane a l tera t ions .  
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3 .  Changes t o  the contour of the i n l e t  header p la te  had l i t t l e  
effect  on the  mass-flow deviations i n  the simulated reactor.  

4. The mass-flow deviations i n  the  reactor passages increased fo r  
the  asymnetrical conditions as the number of closed compressor discharge 
and turbine i n l e t  pipes increased; with three of the  four pipes closed, 
the  velocity of air  flow was essent ia l ly  zero i n  same annuli near the 
center of the  reactor.  

5 .  Mass-flow deviations i n  the simulated reactor fo r  a l l  configura- 
t ions  tes ted became smaller with increasing Mach number and Reynolds 
number . 

6. The total-pressure losses i n  the  i n l e t  collector  r ing were not 
considered excessive. 

7. Although the  i n l e t  collector  r ing established a whirl motion 
and considerable circumferential asymmetry i n  the flow, the velocity 
prof i les  i n  the i n l e t  annulus ex i t  s t a t ion  ( s ta t ion  2e) were improved, 
the loss of the i n l e t  annulus and di f fuser  (s ta t ions  2i  t o  2e) w a s  
reduced by 6.5 percent, and the loss of the i n l e t  header section (sta- 
t ions  2e t o  3 )  w a s  increased. 
between s ta t ions  2 i  and 3 of 8.5 percent re la t ive  t o  the  loss with idea l  
flow a t  the  i n l e t  annulus i n l e t  s ta t ion.  

The net  resu l t  was an increase i n  l o ss  

8. The expansion angle of the di f fuser  i n  the inlet-header-plate 
region was  judged t o  be too  high t o  permit sat isfactory performance a t  
ful l- scale  Reynolds numbers. A redesigned header p la te  provided an 
expansion angle of 12O, which improved the velocity p rof i l e  i n  the i n l e t  
annulus ex i t  s t a t ion  ( s ta t ion  2e), reduced the combined loss of the 
i n l e t  annulus and di f fuser  (s ta t ions  2 i  t o  2e) by 30 percent, and increased 
the  header section loss (s ta t ions  2e t o  3 ) .  
i n  loss of 10 percent between s ta t ions  2 i  and 3 .  

The net resu l t  w a s  a decrease 

9. Flow i n  each of the nine annuli of the  simulated reactor 2$ inches 
downstream from t h e i r  entrance w a s  s table  with re la t ively  high veloci t ies  
near both the inner and outer w a l l s  of each passage. 

10. Wakes from the  rear  strut and control rods were present i n  the 
ex i t  annulus a t  s ta t ion  6 and prevented the  attainment of re l i ab le  meas- 
urements a t  s t a t ion  6. 

11. The loss of t o t a l  pressure i n  the ex i t  header and annulus between 
s ta t ions  4 and 7 was  not considered t o  be excessive. 

12. Although boundary-layer prof i les  at the  end of the ex i t  annulus 
di f fuser  ( s ta t ion  8) showed no evidence of ac tual  o r  impending separa- 
t ion,  the  l o s s  through the di f fuser  (stat ions 7 and 8) w a s  excessive, 
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and w a s  believed t o  be associated with the whirl motion imparted t o  the 
flow by the e x i t  collector  ring. 

13. The losses i n  the exit collector  r ing were appreciably larger  
than losses i n  the i n l e t  collector  ring. 
responsible for considerable flow asymmetry i n  the e x i t  annulus, par t ic-  
u la r ly  i n  a circumferential direction, and probably responsible f o r  some- 
w h a t  higher losses i n  a l l  duct elements affected. 

The e x i t  collector  r ing w a s  

14. The measured loss coefficient  fo r  the en t i re  model f o r  the con- 
figuration giving acceptable mass-flow distr ibutions i n  the reactor 
(header p la te  2, guide vane configuration 2, and rear  s t r u t  2 )  w a s  6.66, 
which w a s  2.4 percent less than observed with the or ig inal  configuration 
(header p la te  1, guide vane configuration 1, and rear s t r u t  1). 
measured variat ion with increasing Mach and Reynolds number was  a t t r ibuted 
almost en t i re ly  t o  the orif ice-plate characterist ics.  

The 

15. The sampling technique used i n  the air-flow tracing investiga- 
t ion proved t o  be sat isfactory fo r  t h i s  ty-pe of investigation. 

16. The data indicated that paths of specif ic  segments of air  flow 
could be traced from the simulated reactor t o  a specif ic  turbine i n l e t  
pipe, and t h a t ,  within the l i m i t s  of the tests, the paths were not sig- 
nif icant ly  affected by Mach number or by the concentration of Freon-12 
vapor introduced. 

Langley Aeronautical Laboratory, 
National Advisory Committee fo r  Aeronautics, 

Langley Field, Va., July 25, 1955. 

-e.--& 
Charles C. Wood 

Aeronautical Research Scient is t  

dLRA+ 
John R. Henry 

Aeronautical Research Scient is t  

far John V. Becker 
Chief of Compressibility Research Division 

ecc 



NACA RM SL55G29b 

REFERENCES 

33 

1. Anon.: Aircraf t  Nuclear Propulsion Project Engineering Progress 
Report No. 4, April  1, 1952 - June 30, 1952. Apex-4, (Contract 
No. AF 33 (038 1-21102; Contract No AT (11-1 1-171 ), Aircraf t  G a s  
Turbine Div., General Electr ic  Co., June 1952. 

2. Schmill, W. C., and Heddleson, C. F.: Preparation of Ducting Devel- 
opment Program f o r  the Direct Cycle Power Plant. No. DC-51-11-20, 
Geceral Elec t r ic  Co., Nov. 28, 1951. 

3. Heddleson, C. F.: Analysis of a Direct Cycle A i r  Pressure Drop. 
No. DC-51-32-19, General Electr ic  Co., Dec. 28, 1951. 

4. Heddleson, C. F.: An Investigation of the Flow Characterist ics of 
the Reactor and Shield Ducting Using a One-Quarter Scale Airflow 
Model - Task 7117. 
Ducting from I n l e t  t o  the Forward Distributor through the Simulated 
Reactor Core. 

Milestone 111-4 - Tests of the Reactor Shield 

No. DC-53-4-123, General Elec t r ic  Co., Apr. 15, 1953. 

5. Anon.: Aircraf t  Nuclear Propulsion Project, Engineering Progress 
Report No. 8, April  1, 1953 - June 30, 1953. Apex-8, (Contract 
No. AF 33(038 )-21102 1, Aircraf t  Gas Turbine Div., General Electr ic  
Co., June 1953. 



34 RACA RM SL55G29b P 

4 



NACA RM SL55G29b 

E-E 

Elevation 

0-B 

Turbine inlet pipin 

A-A B-B 

Symbnl for a static pr63rSSure orifice 

Elevation 0 6 12 
Inches 
- 

tube 
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Figure 12.- Drawings and dimensions of the control rods comprising con- 
trol rod configurations 1 and 2. 
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Figure 17.- Station conversion data at several locations in the duct sys- 
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reference station to station 3 with Mach nmiber. Test configuration 2. 
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Figure 52.- Variation of the  mass flow deviations i n  the simulazeu rew- 
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Figure 53.- Variation of the mass flow deviations i n  the simulated reac- 
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Figure 54.- Variation of the mass flow deviations i n  the simulated reac- 
t o r  with Mach number. Pipes 2 and 3 closed. 
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